Background. The therapeutic action of citrate in the management of calcium oxalate urolithiasis has been attributed to the depletion of free calcium ions by complexation of the latter by citrate itself. However, little attention has been given to the nature of such complexes and the chemical conditions which control their formation because it is very difficult to measure them in solution. We therefore modelled the theoretical formation of these complexes in urine following administration of a citrate-containing preparation, using a powerful speciation program, JESS (Joint Expert Speciation System), which has been widely used to model metal-ligand equilibria in biological systems but which has hitherto not been applied in urolithiasis research. This program has an extensive database of thermodynamic constants and is able to calculate mixed ligand speciation. Methods. Urine data obtained before and after citrate administration in four groups of subjects (male and female normals and stone formers) were used as input for JESS to calculate the speciation of calcium, citrate and oxalate. The program was also used to examine the effects of varying different urinary components on the nature and concentration of the various species. Results. The speciation predicted the formation of a key calcium-citrate-phosphate species (previously unreported in urolithiasis research), which accounts for a significant percentage of the complexation of the free calcium. Moreover, the formation of this complex was found to be dependent on an increase in urinary pH rather than on an increase in urinary citrate concentration per se. Conclusion. The therapeutic action of citrate in the management of calcium oxalate urolithiasis is due to the formation of a pH dependent calcium-citratephosphate complex which reduces the concentration of the free calcium ion species, thereby reducing the risk of stone formation.
Introduction
Several previous studies involving citrate-containing preparations in the treatment of calcium oxalate (CaOx) urolithiasis have demonstrated a decrease in the relative supersaturation (RS) of this urinary salt [1] [2] [3] [4] [5] . In all of these studies, the decrease in RS has been attributed to a decrease in concentration of the free calcium ions, supposedly caused by complexation of the latter by citrate. Indeed, this concept was first mooted over 25 years ago [6] . However, little attention has been focused on the nature of the calcium-citrate complex (or complexes), nor has there been any investigation of the urinary chemical factors which might influence the formation and concentration of such complexes.
Crystallization processes, whether in urine or aqueous solution, depend on the chemical speciation, i.e. the concentration and form of every complex present in the solution. Speciation data can be generated by sophisticated computer programs, which have substantial databases of equilibrium constants and solubility products. An example of such a program is EQUIL [7] , which has been extensively used in urolithiasis research. Despite its huge success in calculating RS values for CaOx, CaP and uric acid, its database is limited and it does not give the concentrations of individual species in solution.
JESS (Joint Expert Speciation System) [8, 9] is a speciation program which has not been previously used in urolithiasis research. This program has a database of over 12 000 thermodynamic constants (including solubility products), which can be used to model chemical speciation under many different conditions including ionic strength and temperature. It has been widely used to model metal-ligand equilibria in biological systems such as saliva [10] , wound fluid [11] , gastrointestinal tract [12] and duodenum [13] , and has also been used to predict the solubility of CaOx hydrates [14] and cystine [15] at different pH in artificial urine. JESS has several features which make it more powerful than EQUIL. Besides its far more comprehensive database, it is able to calculate mixed ligand speciation. In addition, it has a scan facility which allows solution parameters to be varied automatically and systematically to assess the effects on speciation. JESS employs an iterative process in which thermodynamic constants are continually adjusted to match the ionic strength of the final equilibrium solutions. The JESS program can be obtained from Peter May (e-mail address: may@murdoch.edu.au).
In a previous study of ours, involving 120 subjects, a sodium-citrate-bicarbonate-tartrate complex (CitroSoda, Adcock Ingram, South Africa) was administered to controls and to CaOx stone formers of both genders [16] . EQUIL was used to calculate RS for CaOx, uric acid and brushite. Values for CaOx and for uric acid decreased significantly in all four groups, while the value for brushite was unaffected except in female stone formers where it increased significantly. The objective of the present study was to apply JESS to the urine data obtained in the CitroSoda study, in an attempt to identify the species responsible for causing the decrease in RS CaOx and to investigate the urinary factors which influence their formation.
Subjects and methods
Urinary data obtained in our previous study [16] are given in Tables 1 and 2 . These data (excluding RS values) were used as input for JESS, to determine the speciation of calcium, citrate and oxalate. Thereafter, the scan feature of the program was implemented to investigate the effect of varying the concentrations of these components and pH on the percentage concentrations of each of the complexes identified in the speciation determination.
Results
The speciation of calcium in the urine of the four groups is presented in Figure 1 
] (brushite).
The speciation of citrate in the urine of the four groups is presented in Figure 2 . The speciation of oxalate in the urine of the four groups is presented in Figure 3 Since the speciation for calcium, citrate and oxalate were very similar in the four groups ( Figure 1 vs Figure 2 vs Figure 3 ), the male control group was arbitrarily selected as being representative of all of them. Accordingly, the data for only this group were used for the next part of the study in which JESS was programmed to systematically scan (i.e. vary) calcium, citrate and oxalate concentrations as well as pH values and to produce plots of the percentage of each citrate species as a function of these variables. In each case, the scan range was defined by the lowest and highest of the empirically determined values for each variable in Table 1 (Figure 4 ). Having obtained this result for the speciation of citrate as a function of pH, we used JESS to also calculate the speciation of calcium and oxalate as a function of pH ( Figures 5 and 6, respectively) . In Figure 5 , attention is drawn to the decreases in the percentages of free [Ca] 4À . In Figure 6 , attention is drawn to the decrease in the percentage of [CaOx] . We also used JESS to calculate the variation in the 'solubility index' (SI) as a function of pH. SI values are calculated according to the same physicochemical principles as RS values generated by EQUIL. However, the two programs utilize different speciation concentrations which are generated by their different Figure 7) show that SI values for calcium oxalate and uric acid decrease steadily with increasing pH over the entire range which was scanned (i.e. pH 6.0 to 8.0), while SI for brushite increases in the pH range 6.0-7.0 but decreases thereafter. All of these observations are consistent with the speciation results described above.
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Discussion
Simple physicochemical principles dictate that the RS of CaOx will decrease if the concentration of the unbound calcium or oxalate ions, or both, decreases. Speciation calculations by JESS inform us that there is a large number of complexes involving these two ions which exist in equilibrium in urine. Thus, any decrease in the concentration of these ions, caused by their incorporation into complexes in solution, will cause a decrease in RS CaOx and must be compensated for by concomitant increases in the concentrations of other species in which these ions are bound. In this context, the JESS computations have predicted the formation of a key species, [CaCitPO 4 ] 4À , the concentration of which increased from 5-60% in all four groups after administration of citrate (Figure 1 ). This species is (Figure 1) . Indeed, it is precisely because of the significant utilization of calcium in the formation of [CaCitPO 4 ] 4À at the elevated pH, that [CaOx] constitutes a negligible percentage of the calcium speciation (Figures 1 and 5 ) and a very low percentage of the oxalate speciation (Figures 3 and 6 ). In the latter case, about 40% (±5%) of the oxalate is utilized in the formation of [NaOx], while an approximately equal amount remains free and unbound, presumably because of the unavailability of free calcium (and other) cations. The net outcome of all of this speciation is a decrease in RS CaOx (EQUIL), which is corroborated in the present study by a corresponding decrease in SI CaOx (JESS) (Figure 7) .
Of interest is the observation that all of these interrelated changes are controlled by pH. The result assumes clinical significance when consideration is given to the fact that the pH range in which the concentration of [CaCitPO 4 ] 4À is sensitive, corresponds to the empirically observed pH range (6.07-7.50) following administration of CitroSoda. Thus, it can be concluded that the observed decrease in RS CaOx in all four groups following administration of CitroSoda can be attributed to the increase in urinary pH, which facilitates the formation of [CaCitPO 4 ] 4À . This finding supports the results of a study which concluded that raised urinary citrate (by itself ) did not alter RS CaOx [18] .
Of further interest is the observation in the present study that the percentage [CaHPO 4 ] (brushite) in the speciation of calcium decreased after administration of CitroSoda (Figure 1 ( Figure 7 ) for this complex decrease with increasing pH in the empirically observed pH range 6.40-7.35 (male controls, Table 1 ), thereby providing strong evidence of a reduction in the risk of its deposition. This should allay to some extent the frequently expressed concern that brushite crystal (and stone) formation might be an unfavourable consequence of citrate therapy in which pH is allowed to increase [1] [2] [3] [4] [5] . Nevertheless, caution should be exercised regarding the safety of raising the pH in brushite stone formers until such time that the predictions made by JESS are confirmed clinically. Interestingly, the EQUIL output using the same data, demonstrated that RS for BRU would be unaffected (male controls, Table 1 ). Thus, there appears to be an apparent conflict between EQUIL and JESS. This raises the important issue of providing evidence for the validation of the predictions made by JESS. The EQUIL program has been the gold standard for calculating relative supersaturation values in many studies during the past 20 years. As such, if stone researchers are to be persuaded that JESS might be a superior alternative, evidence in support of this needs to be provided. We therefore compared RS values from EQUIL with SI values from JESS for both calcium oxalate and brushite (Figures 8 and 9 , respectively). The aforementioned conflict between the output of the two programs is apparent. However, we contend that JESS is able to include in its computations, species which are not accounted for by EQUIL. In the present study, Figure 5 demonstrates the existence of two species -[CaCitPO 4 ] 4À and [Ca 2 H 2 (PO 4 ) 2 ] -both of which seem to be key role players in determining calcium speciation and both of which are absent from the EQUIL database. As such, EQUIL does not assign any of the free calcium ions to the formation of these complexes and will therefore generate RS values for calcium oxalate and brushite, which are higher than the SI values obtained from JESS, as shown in Figures 8  and 9 . In order to test this hypothesis, we omitted these complexes from the JESS database and recalculated SI values for calcium oxalate and brushite. The results are provided in Figures 8 and 9 . Excellent agreement between RS (EQUIL) and the newly calculated SI (JESS) values for CaOx is now apparent (Figure 8 ).
Although absolute values for brushite do not agree, a parallel trend between the two programs is indicative of qualitative agreement ( Figure 9 ). The quantitative discrepancy for brushite could be a consequence of outdated thermodynamic constants in EQUIL or the absence of minor species in the latter. Nevertheless, despite this discrepancy, we believe that the results satisfactorily validate the credibility of JESS in the context of calculating urinary speciation and supersaturation.
Formation of other calcium phosphate complexes such as octacalcium phosphate (OCP), tribasic calcium phosphate (TCP) and hydroxyapatite (HAP) are also feared as pH increases. Indeed, we have calculated SI values for each of these in the pH range 6-8 and have found that they increase significantly as the pH increases (OCP: 4.9Â10 0 to 1.4Â10 6 ; TCP: 2.1Â10 0 to 1.8Â10 5 ; HAP: 1.7Â10 5 to 3.7Â10 14 ). Thus, there is an increased risk of phosphate stone formation as the pH increases. However, when our model was altered to accommodate higher urinary citrate values (which would arise from citrate therapy), the aforementioned increases in SI values were attenuated to some extent. Nevertheless, the increases need to be noted here and will be investigated in further studies when we refine our urine model.
In our clinical study [16] , RS uric acid (as determined by EQUIL) decreased significantly after administration of CitroSoda (Tables 1 and 2 ). In Figure 7 , JESS predicts that this effect would occur as a consequence of the increase in urinary pH.
CitroSoda contains tartaric acid. Since tartrate is able to complex free calcium ions [19] , it could affect the speciation if it is eliminated unchanged in the urine following administration of CitroSoda. Unfortunately, we did not analyze our urines for this anion. Therefore, in order to test this possibility, JESS was used to re-calculate the calcium, oxalate and citrate speciation as a function of pH, using the same urine model as before (i.e. compositional data from male controls), except that tartrate at a concentration of 0.1 mM was 3 . These ions may have an effect on the speciation and hence could influence the EQUIL and JESS calculations. Of particular importance in this context would be the formation of magnesium ammonium phosphate (struvite), but the calcium phosphates mentioned earlier may be affected as well. Secondly, we note that our stone-formers have urinary calcium-to-citrate ratios which are not as large as those which have been reported in some studies. It may therefore be justifiable to ask whether the same speciation would be generated in such cases. We plan to investigate both of these points in further modelling experiments before advancing a wider and more general hypothesis. Nevertheless, we believe that we have achieved our objective of using JESS to explain results which we obtained in a specific clinical trial. We further believe that despite the aforementioned concerns, the results of the present study are of sufficient interest to warrant presentation here.
The results of this study have shown that the therapeutic action of citrate might be attributed to a significant decrease in the concentration of free calcium ions due to complexation of the latter in a calciumcitrate-phosphate complex and that, most importantly, the formation of this complex depends on an increase in pH rather than an increase in citrate concentration per se. This could have important ramifications in terms of developing new strategies for the administration of current citrate-containing therapeutic agents and also in terms of developing new citrate-based preparations themselves. 
